Saccharomyces cerevisiae can use a broad range of compounds as sole nitrogen source. Many amino acids, such as leucine, tyrosine, phenylalanine and methionine, are utilized through the Ehrlich pathway. The fusel acids and alcohols produced from this pathway, along with their derived esters, are important contributors to beer and wine flavor. It is unknown how these compounds are exported from the cell. Analysis of nitrogen-source-dependent transcript profiles via microarray analysis of glucose-limited, aerobic chemostat cultures revealed a common upregulation of PDR12 in cultures grown with leucine, methionine or phenylalanine as sole nitrogen source. PDR12 encodes an ABC transporter involved in weak-organic-acid resistance, which has hitherto been studied in the context of resistance to exogenous organic acids. The hypothesis that PDR12 is involved in export of natural products of amino acid catabolism was evaluated by analyzing the phenotype of null mutants in PDR12 or in WAR1, its positive transcriptional regulator. The hypersensitivity of the pdr12D and war1D strains for some of these compounds indicates that Pdr12p is involved in export of the fusel acids, but not the fusel alcohols derived from leucine, isoleucine, valine, phenylalanine and tryptophan.
Introduction
Saccharomyces cerevisiae is capable of using a wide range of nitrogen compounds (Barnett et al., 1983; Large, 1986) as sole nitrogen source. For most amino acids, the amine group is entered into central nitrogen metabolism via transamination, thereby releasing the carbon skeleton as a 2-oxo acid. The 2-oxo acids derived from some amino acids, such as pyruvate derived from alanine, directly enter central carbon metabolism. Other amino acids, such as the branched-chain and aromatic amino acids, yield 2-oxo acids that cannot be used as carbon source. These compounds are further catabolized through the so-called Ehrlich pathway, in which the 2-oxo acid is decarboxylated to the corresponding aldehyde (Ehrlich, 1907; Vuralhan et al., 2003; Vuralhan et al., 2005) . Depending on the redox status of the cell (i.e. oxygen availability), the latter is either oxidized to a carboxylic acid ('fusel acids') or reduced to an alcohol ('fusel alcohols') (Vuralhan et al., 2003) . These fusel acids and alcohols, along with their derived esters, are important contributors to beer and wine flavor.
It is unclear how fusel acids and alcohols are exported from the yeast cell. The S. cerevisiae genome harbors 28 ORFs that encode putative ATP-binding cassette (ABC) transporters (Decottignies & Goffeau, 1997; Paulsen et al., 1998) (Table 1 ). The best-characterized ABC transporters are those involved in multidrug resistance or pleiotropic drug resistance (PDR). Piper et al. (1998) identified PDR12 as the ABC transporter required for the development of weak-organic-acid resistance. For example, addition of sorbate to yeast cells resulted in a dramatic induction of Pdr12p in the plasma membrane. The treatment of wild-type and pdr12D strains with sorbic acid, coupled with a fluorescein extrusion assay and microscope experiments, demonstrated that cells devoid of Pdr12p were incapable of exporting fluorescein (Holyoak et al., 1999) . Screening for a weak-acid hypersensitivity phenotype subsequently led to the identification of WAR1 (Weak Acid Resistance), a positive regulator of PDR12 expression (Kren et al., 2003) . Promoter deletion analysis indicated that War1p recognizes and occupies a cis-acting weak-acid response element (WARE) in the presence and in the absence of stress. It was suggested that weak-acid stress triggers phosphorylation and activation of War1p (Kren et al., 2003) .
Furthermore, Pdr12p has been shown to transport different sorts of molecules, ranging from linear C 3 to C 10 carboxylic acids (Piper et al., 1998) to multicyclic compounds such as caffeine (Parsons et al., 2004) and fluorescein (Holyoak et al., 1999) . However, until recently, research on PDR12 has principally focused on its involvement in resistance to exogenously added weak acids and in particular food preservatives such as sorbic and benzoic acids (Holyoak et al., 1999; de Nobel et al., 2001; Hatzixanthis et al., 2003) .
Export systems such as Pdr12p contribute to the tolerance of yeasts involved in food spoilage to weak organic acids (Mollapour & Piper, 2001) . In solution, weak organic acids exist in a dynamic pH-dependent equilibrium between their undissociated and anionic states. An acidic pH favors the undissociated state, and thus a stronger microbial action because the uncharged acid can diffuse through the plasma membrane. Once inside the cell, it encounters a more neutral intracellular pH and a significant fraction dissociates, releasing protons and anions. Protons and anions cannot cross the membrane, resulting in perturbation of intracellular pH homoeostasis and accumulation of toxic anions.
We have studied regulation of nitrogen metabolism by a transcriptome comparison of S. cerevisiae in glucose-limited, aerobic chemostats grown on different sole nitrogen sources. (Decottignies & Goffeau, 1997; Paulsen et al., 1998; Mewes et al., 2004 
Materials and methods

Strains and media
The strains used in this study are listed in Table 2 . CEN.PK 113-7D was used as prototrophic reference strain. Both knockout strains (pdr12D and war1D) were constructed in this genetic background. Strains were constructed by using standard yeast media and genetic techniques (Burke et al., 2000) . The kanamycin resistance cassette was amplified by using the pUG6 vector as template (Güldener et al., 1996) . Strains were routinely grown at 30 1C on complete media (YPD, YPE) or defined 1.5% agar synthetic media (SMA) (Verduyn et al., 1990) .
Shake-flask cultivation
Growth rate experiments were performed in 500-mL flasks containing 100 mL of medium, which were incubated at 30 1C on an orbital shaker set at 200 r.p.m. The composition of the synthetic medium (SM) was as follows: 20 g L À1 glucose,
elements and vitamin solution (Verduyn et al., 1990) . The pH of the medium was adjusted to 4, 5 or 6 and the media were sterilized by autoclaving. Glucose was autoclaved separately. Vitamins and fusel acids or alcohols were filter-sterilized and added to the media. Growth of various strains was monitored by OD measurements at 660 nm.
Chemostat cultivation
Carbon-limited steady-state chemostat cultures of S. cerevisiae CEN.PK113-7D were grown on synthetic medium as described (Verduyn et al., 1990) , containing 7.5 g L À1 glucose, keeping molar carbon equivalence constant at 0.25 M, and either 5.
the sole nitrogen source. The absence of (NH 4 ) 2 SO 4 was compensated for by the addition of equimolar amounts of K 2 SO 4 when phenylalanine, leucine, methionine, asparagine or proline was used as the only nitrogen source.
Plate assays
The fusel acid susceptibility of yeast strains was tested by spotting 10 mL of serial dilutions of exponentially growing
individually with the indicated compounds (Table 3) . For the fusel acid derived from tryptophan (indoleacetate), ethanol was used as carbon source instead of glucose in order to overcome practical problems caused by the insolubility of this compound in water. The plates were incubated at 30 1C and growth was scored after a maximum of 72 h. On ethanol, the plates were scored after a maximum of 120 h.
Microarray analysis
DNA microarray analyses were performed with the S98 Yeast GeneChip arrays from Affymetrix (Santa Clara, CA) as previously described (Piper et al., 2002; Daran-Lapujade et al., 2004) . Cells were transferred directly from chemostats into liquid nitrogen, and processed according to the manufacturer's instructions (Affymetrix technical manual). Data analyses were performed with the Affymetrix software packages: Microarray Suite v5.0, MicroDB v3.0 and Data Mining Tool v3.0. The Significance Analysis of Microarrays (SAM version 1.12) (Tusher et al., 2001) add-in to Microsoft Excel was used for comparisons of replicate array experiments. The transcriptome data of ammonium sulfate-and phenylalanine-grown S. cerevisiae CEN.PK113-7D are available at www.bt.tudelft.nl/nitrogen-source (Vuralhan et al., 2003) . (Vuralhan et al., 2005) . Of the known 28 ABC transporters (Paulsen et al., 1998) , PDR12 was the only member to be significantly [SAM (Tusher et al., 2001 ) with a false discovery rate of 1%] and positively (fold-change amino acid vs. NH 4 42) upregulated in the leucine, methionine and phenylalanine chemostat cultures (Table 4 ). The nitrogen source-dependent transcript profile observed for PDR12 was highly similar to that of ARO10, which encodes a broad-substrate 2-oxo acid decarboxylase (Table 4) (Vuralhan et al., 2005) . The level of the ACT1 transcript, a common loading standard for conventional Northern analysis (Ng & Abelson, 1980) , varied by less than 12% over the six tested growth conditions (Table 4) .
A pdr12D strain displays hypersensitivity to fusel acids but not to fusel alcohols To test the hypothesis that PDR12 is involved in the export of fusel acids and/or fusel alcohols, a PDR12 knockout mutant was constructed. Subsequently, sensitivity to a series of amino acid-derived catabolites was compared by spotting the pdr12D mutant strain and its isogenic reference strain CEN.PK113-7D on glucose complex medium (YPD, pH 4.5) plates supplemented with different concentrations of fusel acids (Figs 1 and 2) and alcohols (Fig. 3) . This analysis revealed that the pdr12D strain displayed a clearly increased sensitivity to the fusel acids derived from leucine, isoleucine, valine, phenylalanine and tryptophan (Figs 1 and 2) . While all fusel acids tested affected the growth of the reference strain CEN.PK113-7D to some extent, the susceptibility of the pdr12D strain to these compounds was exacerbated. While 8 mM phenylacetate, 6 mM indoleacetate, 10 mM 3-methylbutanoate, 4 mM 2-methylbutanoate or 6 mM 2-methylpropanoate inhibited growth of the pdr12D strain, the reference strain, CEN.PK113-7D, was still able to grow.
Even a 100 mM concentration of tyrosine-derived fusel acid, 4-hydroxyphenylacetate, did not affect growth of either the reference CEN.PK113-7D or the pdr12D mutant. This marked difference with the phenylalanine-derived catabolic phenylacetate is probably due to the strongly reduced hydrophobicity caused by the 4-hydroxy group (Gracin & Rasmuson, 2002) . Although this can adequately explain the absence of growth inhibition with 4-hydroxyphenylacetate, it does not rule out the possibility that Pdr12p in vivo might export 4-hydroxyphenylacetate.
The induction of PDR12 under sorbic acid stress is known to be transcriptionally regulated by transcription factor War1p (Kren et al., 2003) . In order to check whether, in a context of fusel acid stress, PDR12 expression is also induced by WAR1, a war1D strain was constructed and tested under the same conditions as the pdr12D strain. Indeed, both strains shared the same fusel acid sensitivity profiles (Figs 1 and 2), indicating that PDR12 expression is also controlled by WAR1 in this experimental context. These results also provide a confirmation that the increased fusel acid sensitivity of the pdr12D strain was indeed due to the absence of PDR12, rather than to the remote possibility of an unintended second-site mutation. In this respect, it should be mentioned that the classic control of reintroducing the wildtype allele of PDR12 is compromised by its uncommon length (more than 4.5 kb) rendering the genetic manipulation extremely difficult (Decottignies & Goffeau, 1997) .
None of the three strains (the isogenic reference, and pdr12D and war1D mutants) was sensitive to the fusel alcohols tested (Fig. 3) . For the branched-chain fusel alcohols, concentrations up to 100 mM failed to inhibit growth. Phenylethanol had a slight toxic effect, as the strains only tolerated concentrations up to 20 mM. However, no difference in phenylethanol tolerance was observed between the isogenic reference and knockout strains.
Phenylacetate growth inhibition of pdr12D mutant is pH-dependent
For a quantification of the effect of phenylacetate on the growth, shake-flask cultures of CEN.PK113-7D and its pdr12D derivative were performed at pH 6, on a synthetic glucose medium supplemented with 0, 2, 4 or 6 mM phenylacetate. Determination of the growth rate confirmed the plate assay results (Table 5) . Although the increasing concentration of phenylacetate affected growth of the reference strain, caused by classic weak-acid uncoupling, the relative growth rate of the pdr12D strain (expressed as m pdr12D /m CENPK113À7D ) clearly showed the involvement of this ABC transporter in the resistance process. It is supposed that this sensitivity is pH-dependent (Verduyn et al., 1992) . Indeed, the sensitivity of the pdr12D mutant strain to phenylacetate (pK a = 4.28 at 18 1C) (Weast & Selby, 1966) was exacerbated when the pH of the cultures was decreased to below 6 (Table 6 ). Besides a strong reduction in specific growth rate (Table 6 ), the pdr12D strain exhibited an extended lag phase compared to the reference strain. 
Discussion
Previous reports have implicated Pdr12p in the export of a wide range of compounds, ranging from multicyclic molecules such as fluorescein (Holyoak et al., 1999) and caffeine (Parsons et al., 2004) to linear C 3 -C 7 carboxylic acids, including the food preservatives sorbate and benzoate (Piper et al., 1998) . However, with the possible exception of propionate (Locher et al., 1993; Hatzixanthis et al., 2003) , none of the hitherto described substrates of Pdr12p are products of yeast metabolism. Our results indicate that Pdr12p is involved in the export of fusel acids, but not of fusel alcohols, from the cytoplasm of the cell. This role is most relevant during growth at low pH with (a mixture of) amino acid(s) as nitrogen source. It directly links Pdr12p to the S. cerevisiae metabolic network and extends its physiological role beyond that of a defense mechanism against exogenous organic acids.
In accordance with its involvement in the export of several fusel acids, Pdr12p may be considered as an integral part of the Ehrlich pathway for amino acid catabolism. We recently demonstrated that an Aro10-dependent decarboxylase activity with a broad substrate specificity is involved in the catabolism of branched-chain and aromatic amino acids as well as methionine. The present study shows that a similar broad substrate specificity exists for the fusel acid export mechanism (Fig. 4) .
The molecular nature and substrate specificity of the oxidoreductases involved in the formation of fusel alcohols and acids remain to be fully elucidated. However, the presence of one of the alcohol dehydrogenases encoded by ADH1, ADH2, ADH3, ADH4, ADH5 or SFA1 is sufficient for the final conversion step towards long-chain and complex alcohol formation (Dickinson et al., 2003) . Additionally, the biochemical characteristics of the alcohol dehydrogenases encoded by ADH6 (YMR318C) (Larroy et al., 2002a) and ADH7 (YCR105W) (Larroy et al., 2002b) are compatible with their involvement in the reduction of aldehyde 
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? Fig. 4 . Update of the Ehrlich pathway in Saccharomyces cerevisiae. precursors to fusel alcohols. Conversely, aryl alcohol dehydrogenase activity encoded by the seven AAD genes is not essential for the formation of the fusel alcohols (Dickinson et al., 2003) . The involvement in the aldehyde oxidation process of the five aldehyde dehydrogenases (Ald2p, Ald3p, Ald4p, Ald5p and Ald6p) still has to be investigated. Transcriptome analysis of sorbate-stressed S. cerevisiae (Schuller et al., 2004) revealed that, along with PDR12, ARO9 (aromatic amino acid transaminase) and ARO10 were upregulated. However, in contrast to PDR12, the latter two genes did not show WAR1-dependent regulated expression (Schuller et al., 2004) , but are known to be controlled by the Aro80 p transcriptional activator (Iraqui et al., 1999) . This suggests a possible interaction of the signal transduction pathway involved in nitrogen regulation and weak-acid stress responses that merits further investigation. Fusel alcohols and acids are not solely byproducts of amino acid catabolism with interesting aromatic properties. In Candida albicans, the tyrosine-derived fusel alcohol tyrosol is an autoregulatory molecule with important effects on the dynamics of growth and morphology (Chen et al., 2004) . Moreover, addition of a low concentration of indole acetic acid (Table 3 ) (IAA, a key plant hormone (Woodward & Bartel, 2005) ), induces invasive growth in S. cerevisiae (Prusty et al., 2004) . Interestingly, S. cerevisiae can itself produce indoleacetate. In this context, export of endogenous, tryptophan-derived IAA via Pdr12p may play a key role in cell-cell communication, enabling coordinated morphologic changes of yeast populations in response to environmental changes.
